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A B S T R A C T
Characterization of hydrological conditions at polluted sites is critical for understanding of contaminant dis-
tribution and transport. Standard techniques for site characterization, such as soil coring together with well
installation for piezometric measurements and water sampling, allow only some insights into subsurface prop-
erties and processes. To obtain additional data, direct-push techniques are often used in soils and unconsolidated
formations. The various available techniques provide high resolution information on cm to mm scale. Recently,
the Optical Imaging Profiler (OIP) was developed for detection of fluorescent contaminants. Here, we have
investigated the applicability of the OIP for groundwater tracing using fluorophores. Our laboratory experiments
show that it is possible to qualitatively trace various fluorophores meaning that light emitted by the fluorophores
can be detected by a standard digital camera sensor. The measured fluorescence depends on the number of
fluorophore molecules present in the pore space adjacent to the OIP and decreases with smaller pore size as well
as fluorophore concentration. In a field trial, an injected eosin Y solution could be very clearly detected after the
injection within a radius of 0.5m around the injection point. When the OIP is equipped with a second light
source emitting visible light, images of the soil texture and color can be captured. Sediment color can act as a
proxy for various soil properties. Tests at a second field site, indicate that detected variation in soil color depend
on water saturation and redox processes. Hence, the OIP is a flexible, cost effective and multifunctional tool for
characterization of contaminated sites.
1. Introduction
Detailed hydrogeological characterization is crucial for under-
standing groundwater flow and contaminant transport. It forms the
basis for planning of drinking water extraction, groundwater remedia-
tion and the delineation of water protection zones. Most commonly,
characterization of a given site consists of soil coring accompanied by
well installation for piezometric measurements, water sampling and
groundwater tracer testing. However, these methods allow only limited
insight into the flow conditions and the transport of the constituents the
fluid carries. Soil coring and well installation are expensive and rarely
adequately in number for a site. In addition, wells cannot be flexibly
placed and screen length typically limits the depth from which in-
formation can be obtained. To obtain more detailed information, two
approaches are typically applied. One approach relies on surface or
cross borehole geophysical measurements (e.g., Gueting et al., 2016;
Zhao and Illman, 2018) and the second one, on low invasive, direct-
push probes (DPPs), which can provide in-situ information at cen-
timeter scale in unconsolidated sediments. DPPs have been developed
for assessment of geotechnical, physical, hydraulic and chemical
properties. Overviews about DPPs are given in Dietrich and Leven
(2006), Bumberger et al. (2015) and McCall et al. (2006). For example,
static cone penetration testing and electrical conductivity (EC) logging
have been used over decades to assess stratigraphic variations in un-
consolidated sediments (e.g., Begemann, 1965; Schulmeister et al.,
2003). In the field of soil and groundwater contamination, the laser
induced fluorescence (LIF) probes and the membrane interface probe
were applied successfully and results from these DPPs have correlated
well with laboratory analysis of organic contaminants (e.g., Bloch et al.,
1998; Bujewski and Rutherford, 1997; Knowles and Lieberman, 1995;
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Lieberman, 1998; McCall et al., 2011). The VisionCPT, Geovis and
video cone, a standard cone penetration testing DPPs equipped with a
camera have been used to directly visualize the sediment (e.g., Raschke
and Hryciw, 1997). Other applications include logging with EC and
laser induced fluorescence (LIF) for detection of groundwater tracers
(Vienken et al., 2017; Suthersan et al., 2014), in-situ colorimetric
measurements for characterizing stratigraphical variations using the
SCOST-system (Hausmann et al., 2016, 2017) and assessment of mi-
crobial activity (Schurig et al., 2014). Recent work has demonstrated
that direct push EC logs follow Archie's law in sandy formations so that
bulk formation EC can be related to specific conductance of the
groundwater (McCall et al., 2017). Moreover, some fluorophores
(fluorescent molecules) readily partition into certain non-aqueous
phase liquids (NAPL). This means that such NAPL's can be fluorescently
tagged through fluorophore injection and detected indirectly with LIF
(Horst et al., 2018).
DPPs suffer from limitations that are inherent to the method of
detection or to the probe design. Cone penetration testing cannot re-
solve layers thinner than several times the cone diameter of 35.7 or
43.7 mm (Hryciw et al., 2009). EC direct push logging in sediments is
influenced by clay content, water saturation, and pore water compo-
sition and is unable to resolve small scale heterogeneities in sediments
with low clay content (Schulmeister et al., 2003). Furthermore, EC
probe design and probe attrition influences performance (Demuth et al.,
2015). The membrane interface probe (MIP), which detects volatile
organic compounds, loses vertical resolution because of compound
dispersion during transport to the analyzer at the surface (Bumberger
et al., 2011). For the LIF probes, chromatic dispersion occurs along the
fiber optic cable leading to non-synchronous arrival of the emitted light
waves from a fluorophore at the detector (Apitz et al., 1992; Bumberger
et al., 2015). Moreover, recorded fluorescence depends on contaminant
type and concentration, the specific surface area of the soil, water sa-
turation, soil mineralogy, and exposure time of the sensor (Apitz et al.,
1993; Knowles and Lieberman, 1995). In addition, conflicting results
have been published on the excitation/emission behavior of fluorescent
compounds in contact with soil. Thus, reported excitation-emission-
matrices, which relates the intensity and wavelength of the fluorescence
with the wavelength of the light used for excitation, may or may not
change in the presence of a soil matrix for a range of compounds (Kram
and Keller, 2004; Alostaz et al., 2008).
Because such shortcomings mean that DPPs only partially portray
subsurface qualities, we have conducting laboratory experiments and
field tests with a newly developed 2D imaging DPP to explore its cap-
abilities and limitations and determine if the obtained data is such that
it overcome some of the current DPP limitations and/or provide dif-
ferent, new information. The probe, the Optical Imaging Profiler (OIP),
is developed by Kejr Engineering Inc. - Geoprobe systems (Salina,
Kansas, USA). It combines fluorescent and visible light image logging,
using the same sensor (McCall et al., 2018). Additionally, the probe is
equipped with an EC dipole for measuring bulk conductivities of for-
mation. It was originally designed for the detection of fluorescent
contaminants (e.g., gasoline, jet fuel, diesel, crude oil and creosote).
Here, we are specifically interested in the use of the OIP for (1)
groundwater tracing using fluorophores, combining their detectability
at low concentration with flexible placement of logs; (2) extraction of
qualitative information on imaged color to potentially distinguish dif-
ferently emitting fluorophores, and visualize changes in soil color,
which relate to depositional environment or geochemical processes.
2. Equipment and methods
2.1. The optical imaging profiler (OIP)
The DPP used consists of an EC dipole array located at the tip of the
probe and an OIP unit, at the center (Fig. 1). The OIP unit features two
light sources (A and B) producing constant light intensity when
activated: A) A high intensity, light emitting diode (LED) that produce
light with the wavelength required to induce fluorescence, and B) a
secondary LED emitting either a broad spectrum, visible light or in-
frared light. We will denote the light sources employed as OIP-source
A/source B (Table 1), e.g., OIP-UV/VIS refers to the use of a UV light
source for inducing fluorescence and a broad spectrum, visible light for
general imaging. Through a 2mm thick sapphire window with a dia-
meter of 12.7 mm, the light illuminates the adjacent soil and fluids.
Light from backscattering and fluorescence returning through the
window is passed through a fixed-focus lens and then detected with a
complementary metal-oxide-semiconductor sensor (CMOS). The probe
can run in two modes. In mode 1, UV or green light is emitted from
source A to induce fluorescence. In mode 2, visible or infrared light is
emitted from source B to induce general backscattering of light. Ex-
posure time, gain and white balancing are adjusted automatically by
the camera to optimize image quality. Depending on the light sources
used, different physical filters passing light with wavelength shorter
(short pass) and longer (long pass) than specific cut-off / cut-on values
to emit light of a specific wavelength and to avoid detection of elasti-
cally backscattered source light by the camera (Table 1). The maximum
suggested penetration rate is 4 ft./min (~1.2m/min; Kejr Inc., 2019)
because at higher penetration rates the number of images showing
motion blur, which is an apparent streaking in the image, increases
significantly. For a more detailed description of the system and system
components we refer to McCall et al. (2018).
2.2. Image processing and analysis
Captured images are in the standard RGB color scheme, whose color
gamut (i.e., the color range which can be represented by the color
scheme) is described by the additive mixing of the primary colors red
(R), green (G) and blue (B). For an 8 bit digital system, colors re-
presented by a 3D cubic color space take values between 0 and 255.
Values of 0 for all primary colors yield black and values of 255, white.
In the 3D space, nuances of gray fall on the line connecting the points
for black and white. For image analysis, RGB images were converted to
the HSB color model, a derivate of the RGB color model that describes
the gamut using values from 0 to 255 for hue (H), saturation (S) and
brightness (B). For the HSV color model we used again a cubic color
space instead of the more common cylindrical space. Images were
captured with a rate of 30 frames per second and analyzed on-line by
the manufacturer's software (Acquisition Software from Geoprobe®). In
addition to the physical filters, two sets of corresponding digital filters
based on the HSB color model and specific to the OIP-type are applied
to discretize the measured fluorescence (McCall et al., 2018). The
percent area fluorescence (% AF) of a given image is then calculated
Fig. 1. Sketch of the OIP (courtesy of Geoprobe Systems).
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from the relative number of pixels in an image that record fluorescence
based on the discretization (e.g., if 25% of all pixels pass the digital
filter criteria then the measured fluorescence is 25% AF, regardless of
how much fluorescence was measured by the 25% of pixels). The % AF
from multiple analyzed images is averaged to one value for every
1.5 cm (0.05 ft) depth section as the probe is advanced into the sedi-
ment. In addition, an image with a dimension of 9.5 mm * 7.0mm (640
* 480 pixels) is saved at the same frequency in jpg format using RGB
color space and an image depth of 8 bit (henceforth termed raw image).
To test if the signals from fluorophores with different wavelength of
emission could be unraveled based on the color of the captured images
and to determine the color of soil images, we manually applied addi-
tional image analysis to raw images. First, noise was removed by ap-
plying a mean filter with a pixel radius of 2 using the software Fiji
(Schindelin et al., 2012). For images from laboratory experiments, a
specific region of each image was selected (region of interest, ROI)
because images were dark at their corner, possibly because of uneven
illumination, a shadow from the sapphire window or by imperfect
mounting of the camera. The images were averaged over this ROI to one
color to reduce the amount of data and to simplify data comparison.
Then, the image within the ROI was clipped and saved in jpg-format
using Fiji. From these jpg-images the primaries of the RGB color space
and HSB color space were extracted and the distribution of the values
visualized as histograms. The color space transformation and color
histogram extraction was conducted in Python 2.7 using the NumPy
library.
2.3. Laboratory testing
To assess the detection of fluorescent tracers with OIP-UV/VIS, OIP-
Green/VIS and OIP-Green/IR, a series of laboratory tests were con-
ducted. Initial tests were carried out using tap water, whereas later tests
were conducted using synthetic groundwater containing 120mg/l Ca,
20mg/lMg, 20mg/l Na, 340mg/l HCO3, 30.8mg/l Cl and 99mg/l
SO4. The synthetic groundwater was made using the procedure given in
Smith et al. (2002) with deionized water (resistivity >18MΩ cm;
MilliQ), NaCl (ACS; ≥99%) and CaCO3 (ACS ≥99.95%; Sigma Al-
drich), MgSO4 (>98%; Appli Chem) and CO2-gas (≥99.995%). In-
dustrial grade NaHCO3 bearing fluorescein, eosin Y, sulphorhodamine B
powder (75% fluorophore; HUE-Corporation) or liquid rhodamine WT
(25% fluorophore; Sensient) were used for the preparation of 1 l stock
solutions. Commercially available chlorine and isopropyl alcohol was
purchased for cleaning of the cuvettes. To gauge the influence of se-
diments on the measurements of fluorescence, industrial quartz sands
(>93wt% SiO2) with a known, narrow grain size distribution (uni-
formity from 1.25 to 2.07 and geometric mean grain size from 0.121 to
1.041mm) were purchased from Dansand A/S and used as delivered.
Stock solutions were prepared prior to each set of experiments and
diluted with tap water or synthetic groundwater to generate solutions
with variable fluorophore concentrations. For the duration of an ex-
perimental set (up to 8 days), solutions were wrapped in aluminum foil
or stored in an opaque box to avoid photolytic bleaching. The pH of
solutions was measured either with a two point calibrated WTW-
Multiline P3 (for initial tests), with a three point calibrated pH-meter
from Metrohm (Metrohm 827 pH lab) or from WTW (WTW-Multi
3430). Based on previous test of a similar pH meter and electrode, the
uncertainty of the measurement is ±0.02 pH units or so (2 standard
deviation; Davesne et al., 2010). Measured values ranged from 7.5 to
8.1. For imaging without sand, 4ml diluted fluorophore solutions were
transferred to a quartz cuvette. When imaging was performed on so-
lutions with sediments, ∼1.4ml diluted fluorophore solutions were
first transferred to a quartz cuvette after which sand was added until
the cuvette was filled up to the neck. This procedure minimizes the
presence of trapped air bubbles in the cuvette (Kram and Keller, 2004).
To exclude ambient light during the measurement, the cuvette was
put in a black cuvette holder with a single opening held in direct
contact with the sapphire window of the OIP. The fluorescence back-
ground of the sands was determined by putting dry sand directly on the
sapphire window and covering the sediment with aluminum foil to
exclude ambient light. Before and after a measurement session, the
functionality of the probe was assured by measuring reference materials
with known fluorescence (diesel fuel, creosote, motor oil), a non-
fluorescent black reference and a Geoprobe-emblem as key-fob (optical
target). All tests except the initial test with tap water and with sZVI
were conducted in triplicates. After use, the cuvette was rinsed with
chlorine, isopropyl alcohol and trice with deionized water.
2.4. Field application
During the course of this study three opportunities arose for con-
ducting experiments in the field and test the performance of the probe
in the complex settings of the environment.
2.4.1. Field site I
The capability of the OIP-Green/VIS for detection of Eosin Y in the
field was tested by performing a dual tracer injection at Field site I in
Västernorrland, Sweden. Eosin Y is considered as harmless and has been
suggested as an inert tracer for porous aquifers because of its chemical
stability and limited retardation during transport (e.g., Behrens et al.,
2001; Field et al., 1995; Flury and Wai, 2003; Oba and Poulson, 2012).
The subsurface at Field site I consists of a surface layer of artificial fill,
underlain by 5–6m of sandy clay till, into which the tracers were in-
jected. The nature of the deeper subsurface was not determined in this
study, but in the surrounding area quaternary sediments were deposited
on top of granite or greywacke. The sandy clay till hosts a local aquifer
with a water table approximately 3m below ground level (bgl). Hy-
draulic conductivities are in the range of 2*10−4 to 2*10−5m/s and the
hydraulic gradient is about 0.01 to 0.02m/m. First, 1 m3 solution for
injection was prepared by dissolving 0.8 kg KH2PO4 (Budenheim),
16.4 kg K2HPO4 (Budenheim) and 160 g Na2CO3 (Merck). Subse-
quently, one liter stock solution containing 1.875 g eosin Y (HUE-Cor-
poration) was added. Prior to use, the solution was mixed for 2 h after
which pH was 8.1 and temperature, 20.4 °C. The presence of KH2PO4,
K2HPO4 and Na2CO3 increased the electrical conductivity to 19 mS/cm,
allowing the tracer solution to be detected also by EC logging. During
injection, a pneumatic driven pump (Blagdon®) provided a maximum
pressure of 10 bar. 250 l of the prepared solution were injected at a
constant depth of 3.9m bgl using Geoprobe's pressure activated injec-
tion probe. The subsurface distribution of the tracers was detected using
a DPP equipped with an EC-dipole and an OIP-Green/VIS module.
Seven logs were obtained in a radius of 0.5m around the injection point
within 32 h after the injection. The logs reached a depth of 3.3–6.4m
Table 1
The configurations of the two light sources for the OIP-units used in this study. Source A is used for inducing fluorescence and source B for capturing general images
of backscattered light.
OIP-unit Wavelength light source A (nm) Wavelength light source B (nm) Short pass filter on light source A (λcut-off (nm)) Long pass filter on camera (λcut-on (nm))
OIP-UV/VIS 275 Broad spectrum 400 –
OIP-Green/VIS 525 Broad spectrum 530 590
OIP-Green/IR 525 940 530 590
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bgl and were acquired by pushing the DPP at an average penetration
rate of 1m/min. The functionality of the OIP-unit was tested before and
after each log by measuring the reference materials with known
fluorescence. The EC-dipole was tested with a jig holding two different
resistors and measuring the resistors conductivity (low=55 mS,
high=360 mS/m).
2.4.2. Field site II
At Field site II in Kalmar county, Sweden, we investigated the OIP-
Green/VIS performance in relation to the detection limit of fluorescent
contaminants using the green light. If the OIP sensitivity is not suffi-
cient then contamination could perhaps be overseen by missing of a
fluorescent response from the contaminant (called false negative). This
potentially leads to underestimation of the contaminant distribution
which limits the success of a later remediation action at a later stage.
The subsurface of Field site II consists of up to 23m unconsolidated
fluvial sediments and are partly contaminated with creosote. The al-
luvial sediments are underlain by estuarine clayey deposits. A log was
generated by pushing the DPP into the subsurface at a penetration rate
of ∼ 1m/min. Soil samples were taken nearby via direct-push, dual-
tube coring for comparison of % AF, primary colors of captured images
with concentration of organics in the soil. The sampled material was
sent to Højvang laboratory for analyses of the 16 major polyaromatic
hydrocarbons (Method: EPA 8270C:1996 mod.) defined by the Danish
environmental protection agency and total organic carbon (TOC;
Method: DS 9377–2:2001 mod. FID). Images from one log were ana-
lyzed for fluorescence manually to confirm the resolution of the OIP-
Green/VIS.
2.4.3. Field site III
Soil color is described routinely in geological investigations and
used as proxy for sedimentological changes e.g., changes in mineralogy,
water saturation, redox state or determination of stratigraphic bound-
aries. At Field site III in Jutland (Denmark) we tested to what degree in-
situ color logging can provide information about the sediment. This site
consists of alternating layers of glacial till and meltwater sand with a
10–20m thick glacial till at the top. Field site III is contaminated with
fuel products. A DPP equipped with an OIP-UV/VIS module and an EC-
dipole was driven down into the top glacial till twice to a depth of ∼
3m bgl. The first log was advanced with a penetration rate of ∼ 1m/
min in fluorescence mode, whereas the second log was acquired at a
penetration rate of ∼ 0.5m/min solely in visible mode placed adjacent
to the first one.
3. Results and discussion
3.1. Laboratory tests of the detectability of fluorescent tracers
To probe the performance of the OIP for inducing and detecting
fluorescence, laboratory experiments were performed with two dif-
ferent light sources for inducing fluorescence (light source A; Table 1)
and four fluorophores in the absence or presence of a sand matrix.
Fig. 2a shows example raw images of solutions with fluorescein
concentrations from 0 to 81mg/l obtained with the OIP-Green/VIS
using the green light. The images feature a diffuse, reddish and circular
area at low fluorophore concentration, that is displaced slightly
downwards from the image center. With increasing fluorophore con-
centration, the reddish area expands and turns bright orange at the
center. These observations agree with previous reports on images pro-
duced by the probe (McCall et al., 2018), reflecting the geometry of the
illumination-detector setup and the use of a point light source, which
resulted in a decrease in recorded light at the edge of the detector. The
redness is ubiquitous for the tested fluorophores and is caused by the
physical long pass filter, which removes diffusely reflected light from
the green source shorter than 590 nm (Table 1, Fig. S1). Hence, only the
lower energy portion of the fluorescence is recorded. The reddish to
bright orange appearance of the images is also seen in the manual
image analysis (Fig. 2c-e), where values for hue match with the reddish
sections of the hue-ramp (indicated on right side of Fig. 2c). Of the
three parameters that describe the color gamut, brightness is particu-
larly sensitive to changes in concentrations of the fluorophores at
higher dilution, with marked increase in this value occurring between
0.003 and 0.1mg/l (Fig. 2e). Based on the curves, detection limits
range from ~0.05mg/l for rhodamine WT to ~0.2mg/l for fluorescein
at the conditions of our experiments. Generally, the relationships be-
tween brightness, saturation and hue for the four fluorophores are quite
similar, meaning that their individual fluorescence cannot be differ-
entiated with the OIP-Green/VIS.
The OIP-Green/VIS sensitivity is governed by the fluorophores' peak
excitation wavelength (λex), peak emission wavelength (λem) and
quantum yield (ɸ), which describes the ratio between absorbed and
emitted photons (Table 2). For ideal detection, the fluorophore λex
should be close to the light sources wavelength and λem equal or longer
than the long pass filter wavelength of 590 nm. λex is fluorophore
specific, but within 39 nm of the wavelength of the light source,
meaning that the light source is nearly ideal for excitation of the used
fluorophores. λem of the tested fluorophores is shorter than the used
long pass filters, which passes only the part of the emitted light from the
fluorophore longer than the long pass filter wavelength of 590m (Fig.
S1). For example, most of the emitted light from fluorescein is removed
by the filter, decreasing its detection although the molecule features the
highest ɸ of the tested fluorophores. As a result of differences in ɸ,
removal of emitted light from the fluorophore and the difference be-
tween wavelength of the light source and peak excitation of the fluor-
ophores the OIP-Green/VIS is most sensitive to rhodamine WT> sul-
forhodamine B≈ eosin Y>fluorescein.
The absorbance spectra of the used fluorophores (Fig. S1) show that
light is additionally absorbed in the UV-range, meaning the UV light
can be used as well for excitation. If the UV-light from the OIP-UV/VIS
is used for recording images then the images for the different fluor-
ophores show difference in color because the OIP-UV/VIS does not
feature a 590 nm long pass filter. Images of solutions with fluorescein
(Fig. 2 g) and eosin Y are greenish whereas those with sulfhorhodamine
B and rhodamine WT are yellowish to reddish, consistent with the
fluorophores' λem. In the images, brightness is indistinguishable from
the blank until fluorophore concentrations reach ~0.1mg/l. The value
then increases to about 200 at 10mg/l after which it remains constant.
Concomitantly, the values for hue becomes separate for red and green
emitting fluorophores. For fluorescein and eosin Y, the values for hue
decrease slightly with increasing concentration; possibly this redshift is
caused by preferential reabsorption of emitted fluorescence at the
shorter wavelength. Based on these observations, we conclude that the
OIP UV/VIS allows detection of the fluorophores at ~0.1mg/l and that
fluorescence from different fluorophores should be discernible provided
λem is sufficiently different.
Application of the automatic image analysis to the raw images in
Fig. 2a & g to decrease the information in the image to a single value, %
AF, results in variation from 0% (blank) to 92.2% (Fig. 2f & l). Fig. 2b &
h highlights in gray the pixels in the raw images that contributed to %
AF. % AF for all four tracers shows a log-normal trend with tracer
concentration (Fig. 2f) when the green light of the OIP-Green/VIS was
used. The detection limit varies between 0.005mg/l for rhodamine WT
to ~0.1mg/l for fluorescein. For comparison the detection limit re-
ported for the LIF is 0.01mg/l for rhodamine WT and fluorescein
(Suthersan et al., 2014). At high concentrations % AF reaches a plateau
of around 90 independent of the fluorophore tested. Because the hue of
rhodamine WT, sulforhodamine B and, to some extent, eosin Y does not
match the color region that is filtered during the automatic image
analysis (Fig. 2i), only fluorescein is recognized as fluorescent using
UV-light of the OIP-UV/VIS (Fig. 2 l). For this fluorophore, the curve for
% AF is similar to that obtained with the OIP-Green/VIS. Custom made
digital filters could potentially improve the standard applicability of the
M. Reischer, et al. Journal of Contaminant Hydrology 232 (2020) 103636
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DPP with other fluorophores.
3.1.1. Soil matrix effect on % AF
To test the influence of a soil matrix on detected fluorescence, we
imaged eosin Y solutions in variably sized sand with the OIP-Green/IR.
The raw image was typically either reddish when fluorescence was
recorded using the green light or grayish when backscattered IR-light
was recorded. Generally, all images showed a blurry rim and coarser
Fig. 2. (a & g) Typical raw images captured with the OIP-Green/VIS and OIP-UV/VIS, showing fluorescence from fluorescein solutions with 0–81mg/l concentration.
b & h shows in gray the image pixels recognized by the acquisition software as fluorescent in the corresponding raw images (a & g). c, i) Average hue, (d, j) saturation
and (e, k) brightness of a defined ROI (indicated by yellow rectangles in a and g) from images captured with the OIP-Green/VIS (c, d, e) and OIP-UV/VIS (i, j, k). f & l)
% AF automatically calculated by the acquisition software from raw images captured with OIP-Green/VIS (f) and OIP-UV/VIS (l).
M. Reischer, et al. Journal of Contaminant Hydrology 232 (2020) 103636
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grains could be clearly identified (Fig. 3a & b). Fig. 3c summarizes
determined % AF at variable eosin Y concentrations in the presence of
six different sands with a geometric mean grain size from 0.121mm to
1.043mm (data is additionally plotted in separate 2D-diagrams in SI,
S3). For higher fluorophore concentrations and grain size above
average mean diameter of 0.327mm, % AF was very similar to that
determined in experiments without sand, i.e., sand addition had little
influence on % AF. For the fine grain sized sand, however, the recorded
% AF was consistently lower relative to the values determined without
sand. At eosin Y concentrations below 0.25mg/l, the decrease in % AF
from the presence of sand was most pronounced. For a 0.1 mg/l eosin Y
solutions, for example, recorded % AF decreased from 60.9 to 33 as
mean grain size decreased. Fluorescence from the sand itself give rise to
a negligible 0.6–2.0% AF.
In our experiments, all sands were well sorted (grain size distribu-
tion curves in SI, S2). We calculated the porosity based on the grain size
distribution using the empirical relationship between uniformity and
porosity found by Istomina (1957) which is a good approximation for
loosely packed grains (Fuchs et al., 2017). Porosity is in the range of
0.46–0.43. Thus, the decreased % AF for fine grained sand does not
depend on variation in pore volume, and hence the total number of
fluorescent molecules in the cuvette. The sand will, however, absorb
(and scatter) both incoming light from the light source and emitted
light from the fluorophore. Thus, the volume of solution that can be
irradiated by the light source will decrease with the volume of in-
dividual pores. Similar interpretations have been reached by Apitz et al.
(1992) and Sinfield et al. (1999) for results obtained with LIF. Their
findings suggest that only the filled pores between the sapphire window
and sand contributes to the measured fluorescence. Alostaz et al. (2008)
found that detection limits deteriorated with decreased soil porosity
and at poorer degree of sorting. Hence, for the OIP and dissolved
fluorophores in a sand matrix a decrease in the excitable solution
volume between sand and sapphire window could be responsible for the
decrease in fluorescence.
In a simple consideration, light from the source is absorbed by
fluorophores during penetration into the sample. Hence, a fluorophore
molecule at a certain distance from the sample boundary will receive
less light. Secondly, the light emitted by a fluorophore molecule may
become absorbed by other molecules on its way to the detector if ab-
sorption and the emission spectra overlap, a process known as inner
filter effect (Lakowicz, 2006). For the fluorophores used here, absorp-
tion and the emission spectra does indeed overlap (S1). As a con-
sequence, emitted light from fluorophores close to the sample boundary
contribute more to the fluorescence detected. For the OIP, this means
that at high fluorophore concentration only the fluorophores closest to
the sapphire window contribute to the detected fluorescence. In this
case, area fluorescence would be less influenced by the depth of pores
(and hence absolute pore size) and fluorescence would be similar for all
sand types as we observe. In contrast, at lower fluorophore con-
centration, fluorescence can be detected at greater distance from the
detector, meaning that pore depth would influence the recorded signal.
For such concentrations, determined % AF would be expected to de-
crease with grain size, consistent with observations. Clearly, quantita-
tive determination of fluorophore concentration is only possible if the
grain size distribution is considered and only if the tracer concentration
is not too high. This means that the OIP probe is mainly a qualitative
tool. Additional work is required to understand the influence of sorting,
shape and packing.
3.2. Field application
3.2.1. Field site I
To assess the applicability of the OIP in groundwater tracing studies
in the field, 1.875mg/l eosin Y was injected in the local aquifer at Field
site 1 in a saline solution that could be detected through EC measure-
ment also. Subsequently, seven logs were produced using the green
light of the OIP-Green/VIS and arranged in a pattern indicated in Fig. 4.
For LOG1, fluorescence was low and LOG5 could not be hammered
down to the target depth, but significant fluorescence was recorded in
the other five logs with values reaching nearly 50% AF (Fig. 4). The
dominant fluorescent signal in these logs originated from 2.5–4m bgl
and was accompanied by elevated values for EC, reaching 730 mS/m,
showing that the measured signals stem from the injected tracers. Thus,
a 1.875mg/l eosin Y solution can be used for conducting tracer tests.
Table 2
Properties of the used fluorophores (Leibundgut et al., 2009).
Peak
excitation
(λex; nm)
Peak
emission
(λem; nm)
Relative fluorescence
quantum yield
(Fluorescein= 100%; ɸrel; %)
Fluorescein 491 516 100
Eosin Y 515 540 11.4
Rhodamine WT 561 586 10
Sulforhodamine B 564 583 7
Fig. 3. a) Raw image captured with the OIP-Green/IR using the IR-light. b) Corresponding fluorescent image captured using the green light 1. c) Average % AF
determined for eosin Y solutions and mixtures with sand plotted as 3D-surface against fluorophore concentration and geometric mean grain size. Each experiment
was conducted 3 times with individual results given as black points. % AF decreases with lower fluorophore concentration and with smaller grain size.
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The logs show two interesting features. Firstly, % AF and EC signals
do not coincide completely. % AF shows sharper peaks than those re-
corded with EC measurement and in several places, increases in con-
ductivity is measured without concomitant increase in % AF. Most
likely, the variable response of the two tracing methods relates to the
details of the measurement. The EC-dipole measures the bulk EC of a
soil volume around the tip of the DPP. The bulk formation EC is gov-
erned by the clay content and EC of the pore fluid (McCall et al., 2017)
Fig. 4. Fluorescence (orange) and electrical conductivity (black) measured at Test site 1 in seven logs surrounding the injection point in a manner given by the sketch.
Depth interval 2 to 4.5m is highlighted and % AF is shown in log-scale.
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so that higher clay contents and stronger saline solutions will increase
the EC, in which EC increases linearly with increasing salinity. In
comparison the OIP camera captures fluorescence from the pore space
adjacent to the sapphire window and the relationship between low
fluorophore concentrations and % AF is log-normal. Contrary to EC
measurement, our laboratory experiments show that measured fluor-
escence declines with decreasing grain size. Consequently, variable
match between % AF and EC could indicate aquifer heterogeneity.
Recorded % AF are the result of variations in fluorophore con-
centration and changes in the soil matrix. If we assume that tracer
concentration is high then the occurrence of non-favorable soil matrix
will be expressed by low % AF but high EC values. High % AF and low
EC will be indicative for a low tracer concentration in a favorable soil
matrix for detection of fluorescence. Moreover, the EC signal of thin
layers in the sediment is influenced by the EC of adjacent layers, leading
to a loss of spatial resolution, i.e., a thin layer with low EC surrounded
by areas with high EC will go undetected or vice versa. Thin layers are
resolvable by fluorescence measurements.
The second main observation is related to the nature of an injection.
If a tracer is injected in a homogeneous isotropic aquifer a radial tracer
distribution is assumed (e.g., Hall et al., 1991). A concentration gra-
dient will be observed between the distal and the proximal part of the
injected volume because of dispersion of the tracer (e.g., Graupner
et al., 2011; Hoopes and Harleman, 1967). In this case the in-
homogeneous distributed fluorescence and EC values reflect the spatial
heterogeneity and anisotropy of the aquifer leading to different hy-
draulic conductivities as noticed in other studies (e.g., Seaman et al.,
2007; Suthersan et al., 2014).
In conclusion, the OIP-Green/VIS was able to detect an injected
fluorophore and in combination with an EC-dipole a dual tracer test
could be conducted. Small scale heterogeneities in the soil matrix could
be revealed by comparison of % AF and EC because the two measure-
ment have different sensitivity to such variation. However, differences
in the nature of the subsurface may complicate such analysis in other
sediments. During DPP penetration, for example, fine grained sedi-
ments may smear on the sapphire window or vibrations from probe
advancement may suspend fine particles in the pore water, causing it to
become turbid and less transparent. Both phenomena will interfere with
illumination of the soil and collection of backscattered light to an un-
known degree. Thus, we do not currently know how general the de-
tection of small scale heterogeneities is. Potentially the combination of
OIP-EC with the hydraulic profiling tool (HPT) could offer a solution for
this problem because HPT can provide information about heterogeneity
of the hydraulic conductivities, but further work in this direction is
necessary.
3.2.2. Field site II
Successful remediation requires detailed knowledge about con-
taminant distribution (in this case creosote), which can potentially be
determined by detection of induced fluorescence from the contaminant
by the OIP. Hence, we investigated the detection capability of the OIP-
Green/VIS using the green light. The average primary colors (hue, sa-
turation and brightness) from the images were extracted because each
little change in color will be expressed by a change in color composition
as it is expected to happen if the light emitted by the stimulated creo-
sote is recorded. Subsequently the primary colors were compared to
recorded % AF, EC and contaminant content in soil samples.
The brightness of most images possesses a color value of ∼75
(Fig. 5a). Inspection of the related raw images showed that they were
overall slightly reddish because filters did not completely remove
elastically backscattered source light. Brightness shows peaks at distinct
depths (19.08, 20.07, 20.71, 21.78 and 22.71m bgl) and below 23m
bgl, the values are generally higher.The deviations in the brightness
coincidence with elevated EC values (Fig. 5b), suggesting that they are
related to changes in the sedimentary deposits i.e., EC rises with de-
creasing grain size and higher clay content (Schulmeister et al., 2003).
Furthermore, Hunter (1975) demonstrated that fine grained material
will appear in a different color in comparison to its coarse grained
counterpart because it reflects a higher proportion of light. Hence, a
fine grained sand or silt with some clay content potentially backscatters
more light from the green light source than for comparison coarse sand
and gravel which is subsequently not completely removed by the long
pass filter on the camera. Fluorescence was only recorded in the bottom
section where also TOC was elevated. However, PAH's concentrations in
the core were low based on laboratory measurement (Fig. 5c), in-
dicating that the concentration of contaminants capable of inducing
fluorescence was insufficient for its detection. Thus, we interpret that
the green light induced fluorescence by naturally occurring organic
material (e.g., Schultze et al., 2004).
Therefore, post processing of images shows that the camera is highly
light sensitive allowing detection of additional features such as fine
grained layers and/or natural occurring fluorophores. Fluorescence did
not originate from contamination in this case.
3.2.3. Field site III
At Field site III, which contained petroleum contamination (S4), we
investigated if detected soil color can be used at a contaminated site as
proxy for aspects of the sediments or geochemical conditions. The soil
color was derived from images captured by the OIP-UV/VIS using the
visible light to relate differences in soil colors to sediment parameters
such as water saturation and soil contamination. Fig. 6a shows the
average color of the images as a function of depth. From each image,
the primary colors using the RGB and HSB color model were extracted,
with blue in the RGB model and saturation in the HSB model showing
the highest variability (Fig. 6b). Concomitant with the color log, EC was
collected (Fig. 6a) and fluorescence was recorded in a second log
~0.5m from the first (Fig. 6c).
In the logs, the image primaries blue and saturation change abruptly
at a depth of 0.58m bgl. This coincides with a change in pore water
saturation from unsaturated to saturated, which was assessed directly
from the raw images through visible inspection (Fig. 6c, Fig. S5). Such
observations agree with soil color depending on water saturation (e.g.
Hausmann et al., 2016). At a depth of 2m the image saturation de-
creases to bin values of 50, whereas values for blue increase. This co-
incides with an average color change in the images from brownish to
grayish and with a change in EC. In the second logging performed
nearby, significant fluorescence was detected at the same level. In ad-
dition, visible images show a glossy surface (Fig. 6c, Fig. S5). Both
observations are consistent with the presence of petroleum products.
We interpret that the change in color most likely reflects the presence of
the redox boundary, below which degradation of organic contamina-
tion have resulted in reducing conditions and affected the Fe redox
state. Iron minerals act as pigments coloring the soil (Soil Science
Division Staff, 2017). The color of ferric iron minerals ranges from
yellow, brown to red (e.g., Barron and Torrent, 1986; Heron et al.,
1994; Torrent et al., 1983) which are mainly present under aerobe
conditions. If O2 is completely consumed by microbial respiration, then
conditions change to an anoxic environment and other oxidants are
used. One mechanism is reduction of Fe(III) to Fe(II). New ferrous
minerals are formed or iron is leached out because of the higher solu-
bility of Fe(II). This leads to a soil color change from brownish - reddish
to gray - greenish as observed here and elsewhere at contaminated sites
(e.g., Pedersen et al., 1991; Zachara et al., 2004). Other factors such as
mineralogical composition, natural organic carbon, clay content can
also influence the soil color. A strong correlation was found for organic
carbon with soil color because the humic acid fraction of the organic
carbons acts as black pigment and forms also organo-mineral-com-
plexes (e.g., Schulze et al., 1993; Vodyanitskii and Kirillova, 2016;
Vodyanitskii and Savichev, 2017). Decomposition of natural organic
carbon could also be another explanation for reducing conditions.
Thus, we conclude that the OIP may be used to detect the degree of
water saturation as well as the location of redox boundaries. This could
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Fig. 5. a) Average brightness of an image plotted
along depth. Red arrows indicated deviations from
the basic pattern. b) EC and fluorescence plotted as a
function of depth. c) Contaminant and total organic
carbon concentration in soil samples taken nearby.
The position of high TOC values does not perfect
match the depth for high % AF and EC. However,
core retrieval from 20m depth is challenging and
easily produces uncertainties in the assigned depth of
the material.
Fig. 6. a) Average color of the individual images plotted along depth and the recorded EC (black points). b) The primaries saturation and blue extracted from the
averaged images and plotted as a function of depth. c) Fluorescence recorded in an adjacent log within ~0.5 m. d) Example images from the visible log showing from
top to bottom air filled pore space, water saturated pore space and fuel filled pore space.
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be helpful way for determining the contaminant plume downgradient of
the source, where potentially no pure phase can be detected.
4. Conclusion
Our results show that a recently developed 2D subsurface imaging
probe offers new ways to characterize the unconsolidated subsurface by
fluorescence and visible light imaging. Imaging data is available on a
vertical resolution of 1.5 cm and logs can be acquired reasonably quick,
placed flexibly as results are obtained, and at comparably low costs,
allowing much more detailed site characterization. Laboratory experi-
ments and field trials indicate that the probe allows the detection of
contaminants which fluoresce in the visible range and injected fluor-
escent tracers at low concentration (up to 0.05mg/l for RWT if green
light is used for excitation of the fluorophore). The imaging offers the
possibility to perform dual tracer experiments. Combined with EC
logging, this may provide information on the heterogeneity in porosity
of sediments because detected fluorescence and conductivity are related
differently to pore size. Moreover, fluorescence of sufficiently different
color can be distinguished, meaning that dual tracer injections can
potentially be performed only. The use of fluorophores has the ad-
vantage that only small amounts are required, compared to electrolyte
tracers, where the high concentration can lead to density driven flow. In
addition, reactive fluorophores can be injected, which could allow
probing of geochemical aspects of the subsurface. Additional studies
would, however, be needed to understand such approaches.
Our results indicate that sedimentological information can be di-
rectly derived from visible light images. Abrupt color variation in the
logs reflected change in water saturation and redox conditions. The
gained information can either be used for reconstruction of the de-
positional history in a scientific context or as well for the understanding
for contaminant distribution (see also Hausmann et al., 2016). Some
nanoparticulate reactants for subsurface remediation, such as nanoscale
zerovalent iron, are highly colored. If injected, the radius of influence
for such material might be delineated based on logs of sediment color.
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